[1] In late February 1999 the ACE spacecraft observed a coronal mass ejection (CME) at 1 AU, in the ecliptic plane. Thirteen days later, Ulysses observed a CME at 5 AU and 22°S. We present a detailed analysis of the plasma, magnetic field, and composition signatures of these two events. On the basis of this comparison alone, it is not clear that the two spacecraft observed the same solar event. However, using a generic MHD simulation of a fast CME initiated at the Sun by magnetic flux cancellation and propagated out into the solar wind, together with additional evidence, we argue that indeed the same CME was observed by both spacecraft. Although force-free models appear to fit the observed events well, our simulation results suggest that the ejecta underwent significant distortion during its passage through the solar wind, indicating that care should be taken when interpreting the results of force-free models. Comparison of composition measurements at the two spacecraft suggests that significant spatial inhomogeneities can exist within a single CME. 
Introduction
[2] Coronal mass ejecta (CMEs) are spectacular events involving the expulsion of significant amounts of solar material (10 15 -16 grams) into the heliosphere [Hundhausen, 1988] . Associated with this eruption is 10 31 -32 ergs of energy, which is presumably supplied by the magnetic field. However, the basic preeruption configuration and the topological changes in the magnetic field that result in the conversion of magnetic energy into kinetic energy are not well known. Undoubtedly, reconnection plays a central role, but the details of where it takes place, how fast, and for how long, are not well understood.
[3] A number of theoretical models have been proposed to explain the eruption and evolution of CMEs near the Sun. Useful reviews based on classification schemes are given by Forbes [2000] and Klimchuk [2001] . To varying degrees, all of these models are idealized and as such tend to focus on reproducing a particular aspect of the eruption process at the expense of others. In some cases this leads to model predictions that contradict reliable observations.
[4] Given the inherent complexity of CMEs, it is hardly surprising that theoretical models of CME eruption tend to be idealized. Nevertheless, if we are to make progress in understanding such phenomena, it is important to make connections between the models and observations. This may serve to place constraints on the models and may even differentiate between competing models, providing support for a particular physical mechanism.
[5] In this paper we analyze some of the interplanetary characteristics of a generic, 2.5-D (axisymmetric) simulation of the eruption of a flux-rope CME and its propagation and evolution through the inner heliosphere. Our goal is to connect the simulation results with in situ plasma, magnetic field, and composition measurements. We focus on a specific event that we believe was observed both at ACE and Ulysses in early 1999, which were located at significantly different radial distances and latitudes. We use the model results (as well as ancilliary information) to (1) argue that this was the same event observed at both spacecraft and (2) interpret the global context of the in situ observations. In the following section we introduce the MHD model. We then discuss the in situ plasma, magnetic field, and composition observations of the February/March 1999 event in detail. We apply the so-called ''force-free'' fitting model to describe the basic features of the flux ropes at the two spacecraft and compare the in situ observations with the MHD simulation results. Finally, we discuss the implications of this analysis.
Description of the Model
[6] In this section we briefly describe the basic features of the coronal and heliospheric models and discuss their integration. A more detailed description has been provided by Odstrcil et al. [2002] . We solve the basic set of timedependent, magnetohydrodynamic (MHD) equations that describe many aspects of the large-scale behavior of the solar corona and inner heliosphere. We separate the region of space into two parts, distinguishing between the ''coronal'' region, which spans the photosphere up to 20 R S , and the ''heliospheric'' region, which spans 20 R S to 5 AU. The SAIC coronal MHD model [Mikić and Linker, 1994 ] is used to solve for the coronal region and the NOAA/SEC heliosperic MHD model [Odstrcil and Pizzo, 1999a ] is used to solve for the heliospheric region, being driven directly by output from the coronal solution. This approach has a number of practical and scientific advantages. In particular, each code has been designed specifically for its respective environment. Moreover, decoupling these regions in this way allows the heliospheric portion to run at significantly larger time steps than are required by the coronal algorithm.
[7] An important distinction between the present work and previous efforts to simulate CME propagation and evolution in the inner heliosphere concerns the location of the inner radial boundary. Previously, researchers typically placed this boundary at 20-30R S to avoid numerical complications arising from the transition from subsonic to supersonic flow [e.g., Riley et al., 1997; Riley and Gosling, 1998; Odstrcil and Pizzo, 1999a, 1999b; Cargill et al., 2000; Vandas et al., 2002] . This required, however, the specification of ad hoc perturbations to mimic the characteristics of the CME at this location. In fact, these perturbations were constructed in such a way so as to reproduce the observed solar wind observations at 1 -5 AU. In contrast, our inner boundary is located at 1R S and the flux-rope CME is initiated in a self-consistent fashion using a plausible (although not necessarily correct) mechanism. The subsequent evolution, through expansion and interaction with the ambient solar wind also proceeds self-consistently.
[8] The details of the algorithm used to advance the equations of the SAIC coronal model are given elsewhere [Mikić and Linker, 1994; Lionello et al., 1998; Mikić et al., 1999] . Here we make a few brief remarks. The equations are solved on a spherical (r, q, f) grid, which permits nonuniform spacing of mesh points in both r and q, thus providing better resolution of narrow structures, such as current sheets. In the radial (r) and meridional (q) directions we use a finitedifference approach. In azimuth (f) the derivatives are calculated pseudospectrally. We impose staggered meshes in r and q, which has the effect of preserving r Á B = 0 to within round-off errors for the duration of the simulation.
[9] The NOAA/SEC heliospheric model solves the timedependent MHD equations in a spherical geometry using either the Flux-Corrected-Transport or Total-VariationDiminishing schemes [e.g., Odstrcil, 1994; Toth and Odstrcil, 1996] . These high-resolution schemes produce second-order accuracy away from discontinuities, while simultaneously providing the stability that ensures nonoscillatory solutions. The numerical MHD code has been applied to a number of problems, such as detailing the interaction of fast and slow solar wind streams [Odstrcil, 1994] , distortion of the HCS by shock waves [Odstrcil et al., 1996] , shock-induced magnetic reconnection of coronal sheets [Odstrcil and Karlicky, 1997] , propagation of CMEs in a structured solar wind, [Odstrcil and Pizzo, 1999a, 1999b] , distortion of the IMF by propagation of CMEs [Odstrcil and Pizzo, 1999c] , propagation of shock waves in coronal structures [Odstrcil and Karlicky, 2000] , and global dynamics of magnetic clouds [Vandas and Odstrcil, 2000] .
[10] The SAIC coronal model, as implemented here, uses a polytropic index of g = 1.05 to mimic the near-isothermal nature of the solar corona and thus produce plasma parameters that agree with observed values. On the other hand the NOAA/SEC code uses g = 5/3 in agreement with the observed near-adiabatic nature of the solar wind. Ideally, one would like to implement a coronal model incorporating conduction, coronal heating, radiation loss, and Alfvén wave acceleration, together with g = 5/3, to provide a seamless boundary between the two models. Unfortunately, practically speaking, such an approach is only now becoming feasible in two dimensions . We have examined the boundary between the two models to estimate what artifacts may have been introduced by allowing g to vary discontinuously across the boundary. Remarkably, with the exception of temperature (and hence thermal pressure), the magnetofluid parameters remain continuous. The plasma temperature profile with radial distance obviously changes abruptly at the boundary since T / r À2(gÀ1) . Thus in the coronal model, T / r À1/10 , whereas in the heliospheric model, T / r À4/3
. We are currently exploring improvements to the solar model to remove this artifcat. Nevertheless, our analysis suggests that the results will change only quantitatively.
[11] Solar rotation is incorporated into the model at the boundary between the coronal and the heliospheric models. It was neglected from the coronal model for simplicity, and we justify this approximation with the following argument. The Parker spiral angle at equatorial latitudes is given by f Parker = tan À1 ((2p/t) R dr/v r (r)), where t is the solar rotation period (25.38 days), r is distance from the Sun, and v r is the radial speed of the plasma, which near the Sun is a function of r. Assuming v r = constant for simplicity, this reduces to the following convenient form: f Parker = tan À1 (2r/v r ), where r is units of solar radii (R S ) and v r is in units of kms
À1
. For r = 215 R S (=1 AU) and v r = 450 kms À1 we find that f = 44°, as expected. For r = 20R S the field deviates from the radial direction by $5°and to a first approximation can be neglected. Thus to mimic the effects of solar rotation, we add an azimuthal component to the magnetic field of the coronal solution at the interface between the two codes as follows: B 0 f = B f À 2B r sin(q)r/v r .
Eruption of a Flux Rope CME
[12] The configuration of the solar corona prior to the emergence of the flux rope is summarized in the two SSH leftmost panels of Figure 1 . This type of equilibrium solution has been discussed in more detail by Linker et al. [1999] . Contours of the magnetic flux function (fiduciaries of magnetic field lines in two dimensions) are shown by the solid lines and shaded contours (top). The system consists of a single streamer belt displaced by $10°below the heliographic equator. The first column shows the state of the corona after the system has reached equilibrium. The second column shows how this configuration is modified by energization of the magnetic field via photospheric shear [Linker and Mikić, 1995] . At this point, the system is still in equilibrium.
[13] In our idealized system the asymptotic wind speed is the same at all heliographic latitudes. In reality even the ''steady'' solar wind is more complex than this. At solar minimum, large polar coronal holes produce uniform highspeed wind at higher latitudes, whereas interaction regions (formed from the interaction of slow and fast streams) at low and middle latitudes are the site of slower and more variable wind. At solar maximum, on the other hand, smaller, middle or equatorial coronal holes produce intermediate, more variable speeds within relatively small volumes of the heliosphere, and slow and variable wind occupy the majority of space [e.g., McComas et al., 2000] . The interaction of a flux rope with a more realistic ambient wind requires a three-dimensional treatment and will be the topic of a future study.
[14] In the bottom panel we show the simulated polarized brightness (pB). This was constructed by integrating the product of the number density with scattering function [Billings, 1966] along the line of sight. The resulting image bears a strong generic resemblance to SOHO/LASCO white-light images taken near solar minimum.
[15] Theories of flux rope CMEs generally start from the premise that CMEs are initiated by the release of energy stored in the coronal magnetic field [Forbes, 2000] . Previously, we have studied the possibility that eruptions could be initiated by photospheric motions that shear and twist the coronal magnetic field [Mikić et al., 1988; Mikić, 1995, 1997; Mikić and Linker, 1994] . These results show that when the magnetic field is sheared beyond a critical value, helmet streamer configurations can erupt in a manner similar to ''slow'' CMEs, i.e., coronal mass ejections that are carried out of the corona by the solar wind. It has proven difficult to demonstrate that enough energy can be released rapidly enough by this mechanism to produce a ''fast'' CME that can drive an interplanetary shock. A more promising mechanism for producing fast CMEs is magnetic flux cancellation. We have found that a reduction in the magnetic flux (i.e., flux cancellation) near the neutral line of a sheared or twisted arcade configuration can lead to the formation of magnetic flux ropes [Amari et al., 1999 [Amari et al., , 2000 Linker et al., 2001a Linker et al., , 2001b . When the flux cancellation reaches a critical threshold, the entire configuration erupts with the release of a considerable amount of magnetic energy.
[16] In the remaining two panels of Figure 1 we summarize the launch of just such a flux rope at 10 hours and 20 hours following the cancellation of flux. As can be seen, the origins of the the flux rope lie in the closed magnetic field lines embedded within the streamer belt. As the flux rope erupts into the solar corona, overlying field lines, which are still connected back to the Sun at both ends, are brought together under the flux rope. As they reconnect with each other, they contribute both to the flux of the evolving flux rope to the right of the reconnection site and to the regrowth of the streamer belt to the left. Note that the flux rope has developed an elliptical shape, with its major axis approximately horizontal. Note also that the reconnection site underneath the erupting flux rope is visible in the simulated pB image at t = 20 hours. This density enhancement was produced by the vertical (i.e., approximately parallel to the solar surface) flow of plasma into the reconnection region and has been observed in white light images [Webb et al., 2002] .
[17] With regard to the simulated polarized brightness images, we also remark that they bear a strong resemblance to the classic three-part structure of CMEs observed in white light. Specifically, the bright front, dark cavity, and dense core. Since this simulation was based on a polytropic approximation to the energy equation, associating the bright core with prominence material is, strictly speaking, not applicable. Nevertheless, when similar similar simulations, incorporating more realistic thermodynamics are run, the formation of a prominence is clearly seen [Linker et al., 2001a [Linker et al., , 2001b .
Evolution of the CME in the Solar Wind
[18] The plasma and magnetic field parameters from the outer boundary of the coronal model are used to drive the inner boundary of the heliospheric solution at 20 R S . In Figure 2 we summarize the evolution of the flux rope and its associated distubances at 3 distances between the Sun and 1 AU ($215R S ). The snapshots were taken at times: 292, 304, and 320 hours following the start of the simulation. In this display we have combined results from both models. Number density contours are drawn in black and the colored contours refer to radial velocity. Magnetic field lines are shown in dark blue. The boundary between the two models is indicated by the thick white line at 20R S . As can be seen, no obvious discontinuities are apparent. Odstrcil et al. [2002] have analyzed the continuity of the solution at this interface in detail, concluding that no significant artifacts are introduced because of it. We note the following features in Figure 2 . First, the initially elliptical flux rope becomes circular and then develops into a ''pancake'' structure. This is a combination of (1) kinematic expansion, as the ejecta moves into an ever larger spherical volume, and (2) dynamic evolution as the ejecta plows into slower ambient solar wind ahead. Second, a fast forward shock, driven by the ejecta, propagates poleward (as a wave) to the boundary of the calculation (±60°heliographic latitude). Third, both the shock and flux rope are beginning to develop concave-outward deformations in the vicinity of the plasma sheet, as they propagate through the denser medium [Odstrcil et al., 1996] .
[19] In Figure 3 we track the evolution of the ejecta and its associated disturbance between 1 AU and 5 AU. The snapshots were taken at times: 312, 360, and 696 hours following the start of the simulation. We have restricted the range in displayed speeds to 390-490 km s À1 to emphasize flows associated with the disturbance. Note how the ejecta becomes progressively more distorted with increasing helio- Figure 2 . Evolution of the flux rope through the solar corona to $0.5 AU. The panels extend ±60°in latitude and from left to right, extend in heliocentric distance from 10 R S to 30 R S , 50 R S , and 110 R S . The contours denote radial velocity (color); density (black lines); and magnetic field (blue lines). The interface between the coronal and heliospheric model is marked by the white line. centric distance. By $5 AU it has been squeezed so much at low latitudes that it has evolved into two lobes, connected by a thin band of compressed field. A detailed study of this aspect will be presented elsewhere. We can also identify outflow associated with posteruption reconnection underneath the flux rope, which has remained intact within the expansion wave (rarefaction region) behind the flux rope; it has a limited latitudinal extent (±15°and trails the ejecta by $35R S at 1 AU (middle panel). This aspect of the simulation is discussed in more detail by Riley et al. [2002] .
Analysis of the In Situ Observations
[20] In late February 1999 the ACE spacecraft observed a flux-rope CME lasting for 21 hours. Thirteen days later Ulysses observed a flux-rope CME that lasted for 50 hours [Lario et al., 2001] . At this time ACE was located at a heliocentric distance of 1 AU, very close to the ecliptic plane, while Ulysses was located at 22°S, 5 AU from the Sun, and at approximately the same heliolongitude as ACE. Although the plasma and magnetic profiles of these events were quite dissimilar, Lario et al. [2001] have argued that (1) the lack of multiple solar sources, (2) the longitudinal alignment, (3) the rotational orientations of the magnetic field, and (4) the average transit speed to both spacecraft support the conclusion that these were the same event. They suggested that Ulysses intercepted the cloud near its axis, while ACE crossed the cloud near its edge.
[21] In Figure 4 we summarize the main plasma observations at Ulysses and ACE. These were obtained from the SWOOPS [Bame et al., 1992] and SWEPAM [McComas et al., 1998 ] instruments, respectively. We have combined the observations at the two spacecraft by shifting the ACE data by 13.65 days and stretching it in time by a factor of 2.4, centered at 63.5 days. These values were derived from estimates of the boundaries of the ejecta observed at the two spacecraft. In addition, Ulysses measurements of density have been scaled by R 2 to account for the near adiabatic expansion of the solar wind. Note, however, that temperature has not been scaled.
[22] The boundaries of the ejecta at the two spacecraft were chosen principally by analyzing the magnetic field components (see below). Considering the ACE observations first, we note that the CME was traveling away from the Sun with an average speed of $590 km s
À1
. Based on its declining speed profile, it was clearly expanding. Because of its significantly faster speed than the ambient solar wind ahead, the ejecta can be seen to be driving a strong shock 1.25 (scaled) days ahead, consisting of a velocity jump of >200 km s
. The density and, to a lesser extent, temperature show a relative decrease within the ejecta, presumably the result of expansion. The profiles at Ulysses are qualitatively similar, although taken alone the comparison is not sufficiently close to infer that these are the same event. By the time the CME reached Ulysses, the average speed of the CME was $460 km s À1 , and it was driving a wave $2 days ahead, with a jump in speed of only $70 km s À1 .
[23] Next we consider the magnetic field measurements in Figure 5 in the usual spacecraft-centered rtn coordinate system, where r points radially away from the Sun, t lies in the equatorial plane and points into the direction of planetary motion (i.e., the azimuthal coordinate), and n completes the right-handed system. Again, we have time shifted and stretched the ACE observations [Smith et al., 1998 ] so that they lie over the Ulysses measurements [Balogh et al., 1992] . At Ulysses, B r has been scaled by R 2 , while B t and B n have been scaled by R. The boundaries of the flux ropes (summarized in Table 1 ) were deduced by considering each event individually and looking at the variations in the magnetic field, as described by Lepping et al. [1990] for example. We note the coincidental lineup of discontinuities in the magnetic field magnitude at the location of the forward shock preceding the event at ACE (day 61.7). Based on analysis of the plasma data, it is likely that the real shock jump is a much more modest event $3/4 day earlier, and that this coinincidental jump is only a discontinuity. Comparison of the magnetic field rotations within the CMEs reveal notable differences. At ACE, B r shows a coherent rotation from a negative value to zero, whereas the same component at Ulysses remains essentially zero (the random fluctuations are amplified because of the R 2 scaling). The component B t at ACE begins slightly negative and transitions through zero, peaking before the temporal midpoint of the event, and falling to zero by the end. At Ulysses, B t also rotates from a negative value to a maximum positive number, which it maintains during the second half of the cloud before dropping sharply to zero. Finally, B n remains essentially zero at ACE, whereas at Ulysses it displays a rise from zero to a maximum, followed by a fall back to zero. The magnitude of the field both at ACE and Ulysses shows a relatively monotonic decrease from the leading edge to the trailing edge.
[24] In Figure 6 we compare ACE [Gloecler et al., 1998 ] and Ulysses [Gloeckler et al., 1992] composition measurements from the two spacecraft using the same shift and stretch as for Figure 4 . The top panel compares the ratio of helium to protons (He++/H+), as measured by the SWOOPS (Ulysses) and SWEPAM (ACE) plasma instruments. The middle panel shows the ratio of O 7+ to O 6+ ) and the bottom panel shows the average charge state of iron (hQFei) as measured by the SWICS instruments. The O7/O6 ratios are a good measure of the oxygen freeze-in temperature in the lower corona. Average Fe charge states, on the other hand provide a proxy measure of the coronal source temperature: Values of 10 -11 suggest a temperature of 1 MK, whereas values of 16 suggests a much hotter $5 MK environment. The He++/ H+ ratios at the two spacecraft show similar increases from about 4% to 8 or 9% above the ambient values. The average Fe charge states also track reasonably well both inside the event and in the surrounding ambient wind. Most interesting, however, are the O7/O6 ratios, which differ substantially at the two spacecraft, both during the ejecta interval and for a period of 1.5-2 days preceding it. In the case that both ejecta are the same event (see discussion below), the fact that the Oxygen freeze-in temperature within the CME was substantially higher at ACE than at Ulysses, implies a clear spatial (latitudinal) inhomogeneity.
[25] We can estimate the time taken for the disturbance observed at ACE to travel to the location of Ulysses, assuming radial propagation and constant deceleration. The average speed of the CME at ACE was $590 km s
, while the CME at Ulysses was traveling at $460 km s
. Thus assuming a constant deceleration of the ejecta between 1 and 5 AU suggests a transit time between the two spacecraft of 13.6 days. This corresponds well with the measured transit time of 13.9 days, reinforcing the idea that these events were one and the same. Moreover, with the assumption of approximately radial propagation, this suggests that the ejecta was moving at approximately the same radial speed at different latitudes.
Force-Free Fitting of the In Situ Observations
[26] We have computed the basic flux rope parameters for the events at ACE and Ulysses assuming the the flux ropes were force free and thus describable by a cylindrically symmetric magnetic field solution [Lepping et al., 1990] . Table 1 summarizes these parameters. Considering the events individually first, we surmise that ACE intercepted a flux rope with a negative helicity, 74% away from its magnetic axis. This axis lies essentially in the equatorial plane and points approximately perpendicular to SSH the radial direction. The event at Ulysses also had a negative helicity, but the spacecraft traveled to within 1% of its magnetic axis. Again the magnetic axis lay approximately perpendicular to the radial direction but in this case was tilted significantly in the meridional direction. By including velocity measurements, the inferred radial size of the flux rope at ACE was 0.28 AU, while at Ulysses it was 0.34 AU (a $20% difference).
Comparison of MHD Results With In Situ Observations
[27] By flying the ACE and Ulysses trajectories through the simulation results we can make direct comparisons with the in situ observations. We reiterate that this is a generic simulation and not constructed to quantitatively mimic any specific event. We believe, however, that it contains the basic qualitative features of many CMEs in the solar wind. In Figure 7 we compare speed, density, temperature, magnetic field strength and directions from ACE (top left) and Ulysses (bottom left) with simulation results (top right and bottom right, respectively). Based on the force-free fittings at the two spacecraft discussed earlier, we infer that ACE intercepted the CME near its flank, whereas Ulysses intercepted it closer to the axis, suggesting that the centroid of the CME was displaced significantly southward of the equator. In our simulation, however, the axis of the CME was displaced southward by a modest $10°. Thus to make more meaningful comparisons with the observations, we extracted ACE profiles at 18°N and Ulysses profiles at 2°N. In essence, then, we have reversed the relative latitudinal positions of the spacecraft in the simulation.
[28] Comparison of the simulation results with the in situ observations reveal a number of similarities, yet the generic nature of the model also necessarily leads to a number of discrepancies. We focus first on the observed variables at ACE. As we have noted earlier, the ejecta was traveling significantly faster than the ambient solar wind ($590 kms À1 at 1 AU) and drove a relatively strong shock. The density and temperature profiles did not show large dips within the ejecta, typically indicative of expansion. The magnetic field within the ejecta showed little systematic variation. Of some note, however, is the small rotation in the radial component of the field. The magnetic field strength decreased from the leading edge to the trailing edge and was maximum in the sheath region preceding the ejecta, both aspects resulting from the fast speed of the ejecta relative to the ambient solar wind. The simulation results mimic the speed profile fairly well. This would be expected, since any expanding ejecta traveling faster than the ambient solar wind will drive a wave/shock ahead and present a decreasing speed profile within the ejecta. The temperature, density, and field component profiles, while not inconsistent, do not have any definitive features that we can associate with the observations. Variations in the simulated magnetic field components are also low, with the largest changes occurring in the sheath region. Finally, the magnetic field magnitude, while enhanced within the ejecta, does not have the characteristic peak in the sheath region, which, as we have noted, is due to the more modest velocity difference between the simulated ejecta and the ambient wind ahead.
[29] At Ulysses the ejecta is inferred to be expanding and presumably driving the shock at the beginning of day 61. This basic profile is mimicked in the simulation results. Note that the observed shock boundary is distinct from the magnetic discontinuity (marked ''d'') later on day 61 and suggests that the interaction between the ejecta and the ambient solar wind was more complex than the simpler picture suggested by the simulation. Turning to a comparison of the magnetic field vectors, we note that the largescale rotations in all components are mimicked well by the simulations, in particular (1) the flat B r profile, (2) the rise and fall in B t , and (3) the rotation from positive to negative values in B n . Finally, the magnetic field strength compares quite favorably, with a relatively flat (or slightly falling) profile within the ejecta and more rapid fall off behind. Comparison of either the observed or simulated magnetic field strength profiles at the two spacecraft suggests that this was a strongly magnetic structure at Ulysses but less so at ACE.
Summary and Discussion
[30] In this study we have analyzed ACE and Ulysses observations of a CME within the context of a global MHD model. Based on the analysis of possible solar sources and the magnetic field rotations, together with timing arguments, Lario et al. [2001] suggested that the same CME was observed by both spacecraft. The results of the global MHD simulation presented here support this scenario. We have computed the force-free parameters for the event at each spacecraft. Detailed comparisons of plasma, magnetic field, and composition measurements are, for the most part, qualitatively similar. The ratio O7/O6, however, shows significant differences, suggesting that if they are the same CME, strong spatial inhomogeneities existed within the flux rope back at the Sun.
[31] If we are to believe the force-free results, then given the inferred size of the flux rope at the two spacecraft and their latitudinal separation, it is unlikely that the two spacecraft could have intercepted the same event and we are led to a picture of two distinct events, as summarized in Figure 8a . Yet whether or not the events observed at ACE and Ulysses were the same, the mere fact that the ejecta were faster than the surrounding medium suggests that they must have been significantly more compressed in the radial direction than the circular cross sections that are intrinsic to the forcefree method. This is an important point that is often overlooked when analyzing such events: if the flux rope is propagating faster than the ambient solar wind ahead, it will develop a pancake-like shape. In addition, since the scale size of the event is determined by a radial slice (i.e., the spacecraft's trajectory through the ejecta), the fitting procedure necessarily underestimates the true size of the event. For the simulation presented here the extent of the ejecta in the radial direction is only 20% of its latitudinal extent.
[32] On the other hand, using the MHD results to interpret the ACE and Ulysses observations suggests a fundamentally different picture of the flux rope and its associated disturbance. When we add the additional evidence that the transit time from one spacecraft to the other agrees remarkably well with a simple calculation of the transit time based on constant deceleration and further that there was only one obvious disturbance back at the Sun that could be associated with both events [Lario et al., 2001] , we are led to the conclusion that the same CME was observed by the two spacecraft. Thus the picture we propose to account for event is shown in Figure 8b .
[33] Two aspects of our analysis, however, do not immediately fit with the ''single event'' hypothesis. First, the Â SSH force-free parameter at Ulysses was calcuated to be 53° (  Table 1 ), suggesting that the axis of the flux rope was rotated significantly away from the ecliptic plane. In contrast, at ACE this angle was close to zero. Second, measurements of O7/O6 showed significant differences at the two spacecraft. Taken in isolation, these differences might lend support for the ''multiple event'' scenario. However, given the larger body of evidence discussed above, we propose alternative explanations for these apparent discrepancies.
[34] To account for the nonalignment of the flux rope axes at ACE and Ulysses, we believe three-dimensional geometric or dynamical effects were present that cannot be accounted for in our two-dimensional model. It is possible, for example, that the limited longitudinal extent of a real CME combined with intrinsic spatial variations in azimuth could lead to such differences. It is also possible that ambient solar wind structure preceeding the ejecta could deform it in such a way to account for this.
[35] With regard to the differences in O7/O6 at the two spacecraft, we first note that our single-fluid MHD model does not address these measurements in any meaningful way. Although we are clearly far from understanding the solar processes responsible for the relative abundances of these heavier ions, we can nevertheless appreciate their importance as tracers of solar wind source regions. The interpretation of the composition measurements observed at ACE and Ulysses has significant implications. If we believe that the same event was observed at both spacecraft, then the observed differences suggest significant spatial inhomogenieties within an individual CME. This may provide an alternative interpretation for the results by Neukomm [1998] , who found that statistically, CMEs observed at high heliographic latitudes (the socalled ''over-expanding'' CMEs [Gosling et al., 1994] had O7/O6 ratios that tended to be lower than CMEs observed near the ecliptic plane. An obvious interpretation of Neukomm's result is that ''over-expanding'' CMEs are a distinct class of CME (essentially, the view that the events seen at ACE and Ulysses are unrelated). An alternative interpretation based on the present study is that CMEs are spatially inhomogenious in latitude and that the over-expanding events were merely the higher-latitude flanks of larger structures. While we could only speculate on possible mechanisms on coronal loops that would give such a spatial variability, clearly the implications are important.
[36] Although the current two-dimensional model has been relatively successful in reproducing the essential features of the in situ observations at ACE and Ulysses and providing a global context for them, three-dimensional effects are undoubtedly important and should be considered in the future. Perhaps surprisingly, the fact that this event was observed near solar maximum added to the successfulness of the comparison. Since the large-scale ambient solar wind was dominated by slow and intermediate-speed flow, interaction regions were not as pronounced as they would have been during the declining phase and surrounding solar minimum. Our neglect of the third dimension, however, seriously limits our abilities to probe the connectivity of the magnetic field lines making up the flux rope with the Sun. In two dimensions, all flux rope field lines are completely disconnected from the Sun. In contrast, observations of counterstreaming suprathermal electrons within CMEs [e.g., Gosling et al., 1987] indicate that a significant fraction of these field lines are still connected back to the Sun at both ends. In fact, field lines totally disconnected from the Sun, although sometimes present, are a relatively rare occurrence [e.g., Gosling et al., 1995] .
[37] Although the simulation has provided an important global context for interpreting these observations, it has failed to reproduce several components of the observations. The causes of these errors can be traced to a combination of approximations in the model. Perhaps most fundamentally, we do not know the underlying mechanism for the eruption of CMEs at the Sun. We believe that the ''flux cancellation'' model described and implemented here is a promising candidate: it is broadly consistent with a range of remote solar observations prior to and during the eruption of a CME and produces flux ropes that have properties matching both solar and in situ observations of CMEs, at least in a generic sense. Thus far, however, it has proven difficult to generate ejecta with sufficiently large speeds to match the fast CMEs observed in the solar wind. Indeed, the comparison at ACE in Figure 7 (top panels) would have been greatly enhanced if the eruption mechanism had generated a CME traveling at say 700 kms À1 near the Sun. We are currently investigating ways of producing faster CMEs. A second approximation is the neglect of variations in the azimuthal direction. By doing so, the axis of the flux rope was and remained in the azimuthal direction. Our force-free analysis (Table 1) , however, clearly showed that at Ulysses the axis was tilted substantially away from this direction. Whether this was an initial condition of the flux rope or the result of interacting with a structured ambient solar wind is unclear. We have begun to simulate the eruption of CMEs in three dimensions and we will explore this added complexity in the near future. [38] While our analysis has highlighted some of the dangers in over-interpreting force-free fittings, we emphasize that this approach retains many useful features. In particular, the orientation of the flux rope axis and the sense of the helicity retain their meaning. On the other hand, for fast CMEs and particularly those driving a shock, the inferred size, impact parameter, and integrated helicity must be interpreted with some care. Recently, these kinematic models have been extended to include expansion effects [Marubashi, 1997] , the relaxation of the force-free assumption [Farrugia et al., 1995] , and two-spacecraft fittings [Mulligan et al., 2001] . However, it remains to be seen how the types of dynamic deformations described here impact these approaches.
[39] In closing, we remark that given the idealized nature of the simulation, it is quite remarkable that so much complexity is generated. Moreover, since only a single simulation was performed (with no optimization of boundary or initial conditions) we are encouraged that such simulations will be a useful aid for interpreting observations of magnetic clouds. Future studies that extend the simulation to three dimensions will allow us to explore the connectivity and topology of magnetic field lines within and surrounding the ejecta and may eventually provide constraints on CME eruption mechanisms. Composition and charge state measurements provide a powerful and largely underutilized diagnostic tool to probe the birth sites of CMEs and their role as tracers should also be incorporated into future modeling efforts.
